Secondary organic aerosol in the urban atmosphere is an important issue from a viewpoint of not only air pollution but also regional and global atmospheric environment. To better understand the production of water-soluble organic aerosols, we analyzed atmospheric particles collected in time-series in Tokyo for dicarboxylic acids (C 2 -C 10 ), ketocarboxylic acids (C 2 -C 4 ) and α-dicarbonyls (C 2 -C 3 ) using a GC and GC/MS. Here, we report, for the first time, diurnal distributions of dicarboxylic acids, ketoacids and dicarbonys in the urban atmosphere.
Oxalic acid was found as the most abundant species, followed by malonic, succinic, pyruvic and glyoxylic acids. Total diacids showed a concentration maximum in daytime (11-14 h) with a dynamic change in their molecular composition especially in summer samples. Relative abundances of unsaturated (maleic, methylmaleic and phthalic) and some saturated (methylsuccinic and adipic) species increased in the morning (8-11 h) whereas those of oxalic acid decreased down to 35 % in 8-11 h but increased up to 58 % toward 17-20 h. The diurnal variations are interpreted by photochemical production of diacids, where unsaturated and some saturated species are preferentially generated early in the morning via photo-oxidation of aromatic hydrocarbons and cyclic olefins and further oxidized to oxalic acid in the afternoon.
Introduction
Low molecular weight (LMW) dicarboxylic acids with a predominance of oxalic (C 2 ) acid are known as ubiquitous composition of continental aerosols (Grosjean et al., 1978; Norton et al., 1983; Kawamura and Kaplan, 1987; Kawamura and Ikushima, 1993; Rogge et al., 1993; Fraser et al., 2002; Wang et el., 2002) and rainwater and snow (Puxbaum et al., 1988; Talbot et al., 1992; Kawamura et al., 2001) . They are also present in the remote marine aerosols from the Pacific Kawamura, 1994, 2003; Kawamura and Sakaguchi, 1999; Mochida et al., 2003a,b) and Atlantic (Barboukas et al., 2000) and in the polar aerosols from the Arctic (Li and Winchester, 1993; Kawamura et al., 1996a; Kerminen et al., 1999; Hara et al., 2002; Narukawa et al., 2003) and Antarctic (Kawamura et al., 1996b) . Because LMW diacids are very water soluble, their existence on the aerosol surface alters the chemical and physical properties of atmospheric aerosols and enhances the capability of aerosols as cloud condensation nuclei (Saxena et al., 1995) . The dicarboxylic acids comprise 0.2 % to 2 % of total aerosol carbon with summer time maximum in urban Tokyo (Kawamura and Ikushima, 1993) . On the contrary, they account for up to 16 % of the aerosol carbon in the remote marine atmosphere from the equatorial Central Pacific (Kawamura and Sakaguchi, 1999) . Previous studies suggested that LMW diacids are produced in the atmosphere by photochemical chain reactions of unsaturated hydrocarbons and fatty acids as well as their oxidation products (Kawamura and Sakaguchi, 1999; Kawamura et al., 1996b) . Direct emission from fossil fuel combustion, biomass burning and cooking has also been suggested as a source of diacids (Kawamura and Kaplan, 1987; Legrand and De Angelis, 1996; Narukawa et al., 1999; Schauer et al., 2001 Schauer et al., , 2002 .
Laboratory studies of cyclohexene-ozone reactions reported the production of adipic (C 6 ) acid, whose yield became 5 % in 2 hours and 10 % in 150 hours (Hatakeyama et al., 1987) . Cyclohexene is abundantly present in both motor exhausts and urban air (Grosjean and Fung, 1984) . However, oxalic, malonic and unsaturated diacids have not been reported as at least major products of the cyclohexene-ozone reaction (Hatakeyama et al., 1987; Kalberer et al., 2000) . Based on one-year observation of LMW diacids in the urban aerosols, Kawamura and Ikushima (Kawamura and Ikushima, 1993) reported an enhanced secondary production of C 2 -C 6 diacids in summer. Photochemical production of LMW diacids has also been supported by a polar sunrise experiment in the Arctic, where concentrations of diacids increased by a factor of 5-20 from the dark winter to light spring (Kawamura et al., 1996a) . Although diurnal variations of some diacids have been reported in the suburban atmosphere (Satsumabayashi et al., 1990) , previous studies employing methyl ester derivatization failed to detect oxalic acid quantitatively. Methyl ester of oxalic acid is volatile enough to be lost by evaporation during the analytical protocol used. Thus, oxalic acid has often been underestimated in aerosols seriously (Grosjean et al., 1978; Satsumabayashi et al., 1990) and sometimes misinterpreted as being mostly present in gas phase (Satsumabayashi et al., 1990) . Recent studies demonstrated that ca. 30 % of oxalic acid is in gas phase, but major portion is in aerosols (Mochida et al., 2003a; Barboukas et al., 2000) .
To better understand the photochemical production of small diacids and related compounds in the urban atmosphere, time-series aerosol samples were collected every 3 hours in Tokyo during summer and winter campaigns. In this study, we analyzed the samples for molecular composition of LMW diacids, ketoacids and α−dicarbonyls employing BF 3 /nbutanol derivatization followed by GC and GC/MS determination. The samples were also analyzed for total carbon and nitrogen and their stable isotopic ratios. Here, we report, for the first time, a case study on the diurnal distributions of bi-functional organic acids (diacids and ketoacids) and dicarbonyls in the urban atmosphere. The results will be discussed in terms of gas phase and heterogeneous production of bi-functional organic acids .
Experimental
The aerosol samples (n=32) were collected on a pre-combusted quartz filter (Pallflex 2500 QAT-UP) using a high volume air sampler without any particle cut-off on the rooftop of Tokyo Metropolitan University Faculty of Science Building at Setagaya campus (ca. 20 m above the ground). The sampling site was located in the residential area near the central urban Tokyo. The aerosol sampling was conducted on 2-3 June (n=14), 21-22 July (n=10) and 20-5 21 November (n=8) in 1989. All the samples were collected with sampling intervals of 02-05, 05-08, 08-11, 11-14, 14-17, 17-20, 20-23, and 23-02 hours. The sampling dates were chosen for hot and/or sunny days with no clouds and no winds. Because of no wind condition during the campaigns, we consider that transport of different air mass does not impact seriously on the observation. Although the highest ambient temperature (31˚C) and radiation (8.6 MJm -2 )
were recorded during July 21-22, oxidants and aerosol mass concentrations did not show a maximum in this period. Highest concentrations of oxidants and aerosol mass were observed during June 2-3.
Filter samples were analyzed for water-soluble dicarboxylic acids, ketoacids and dicarbonyls (Kawamura and Ikushima, 1993; Kawamura, 1993) . Briefly, one quarter of the filter was extracted with pure water (10 ml x 3), which was made by oxidizing organic impurities of Milli Q water with potassium permanganate in all glass apparatus followed by distillation. The extracts (water soluble organics) were concentrated to ca. 1 ml using a rotary evaporator under a vacuum and then passed through a glass column (Pasteur pipette) packed with a quartz wool to remove particles such as filter debris. They were concentrated by a rotary evaporator and then by nitrogen blow down. The concentrates were reacted with 14 % BF 3 /n-butanol at 100 °C to derive the carboxyl groups to butyl esters and the aldehyde groups to dibutoxy acetals. The diacid butyl esters and acetals were extracted with n-hexane after adding pure water and then determined with GC equipped with a split/splitless injector and fused silica capillary column. Peak identification was performed by a comparison of GC retention times with those of authentic standards. Identification of the esters was confirmed by mass spectral analysis using a GC/MS system.
Recoveries of authentic standards spiked to a pre-combusted quartz fiber filter were 71 % for oxalic acid and better than 80 % for malonic, succinic and adipic acids. Recoveries of glyoxylic acid, pyruvic acid and methylglyoxal were 88 %, 72 % and 47 %, respectively.
Spiked experiment of diacid standards to the filter sample (QFF 166) showed higher recoveries of oxalic acid (86 %) and malonic acid (94 %). Duplicate analyses of filter sample showed that analytical errors are within 15% for major species. Procedural blanks showed small peaks of oxalic and phthalic acids in the GC chromatograms; however, they were less than 0.66 % (oxalic acid) and 5.6 % (phthalic acid) of the aerosol samples. Concentrations of the acids reported here are corrected for the procedural blanks, but are not corrected for the recoveries. The analyses of the filter samples were completed in 1990.
A part of the aerosol filter sample (disc diameter of 2.0 cm) was analyzed for total carbon and nitrogen contents as well as stable carbon and nitrogen isotopic ratios using a Carlo Erba NA 1500 elemental analyzer (EA) and EA/isotope ratio mass spectrometer (Finnigan MAT Delta plus), respectively (Narukawa et al., 1999) . Analytical errors in the measurements of TC and TN contents were within 2 %. In order to evaluate a possible contribution of inorganic carbon (such as CaCO 3 ) to TC, filter samples were exposed to HCl fume and analyzed for carbon isotopic ratios. The δ 13 C values (-23.1 ‰ to -26.2 ‰) did not show any serious changes before and after the HCl treatment, indicating a negligible contribution of CaCO 3 (whose δ 13 C is around 0 ‰) to TC (Kawamura et al, 2004) . Here, we used the TC data that were obtained without HCl treatment to normalize organic acid-carbon by TC.
Results and Discussion

TC and TN
Concentration ranges of TC and TN were 7.7-63 (av. 24) µgm -3 and 1.7-20 (av. 5.8) µgm -3 , respectively. Although both TC and TN varied with time during the campaigns, they showed a daytime maximum around at 08-11 h or 11-13 h in June and July samples ( Figure   1 ), suggesting a secondary production of carbonaceous and nitrogen-containing aerosols.
However, a maximum was observed in late afternoon for the November samples, which may be associated with the development of inversion layer where pollutants accumulate. Averaged TC contents (16-40 µgm -3 ) for each campaign are within the range (12-44 µgm -3 , av. 22 µgm -3 ) reported for Tokyo aerosols collected for 24 hours interval (Kawamura et al., 1995) , although they are about an half of those (24-85 µgm -3 , av. 49 µgm -3 ) reported in Beijing (Sekine et al., 1992) . Although adsorption of gaseous organics on quartz filter potentially occurs during sampling, we feel that a positive artifact should be minimal and not seriously affect the results. Averaged TN contents for each campaign (3.6-7.0 µgm -3 ) are also within the range (1-21 µgm -3 , av. 5.3 µgm -3 ) reported in the 24 hours sampling from Tokyo (Kawamura et al., 1995) .
TC comprised 9.2 % to 42 % of aerosol mass with an average of 21 %. These values are similar to those (11-38 %, av. 20 %) reported in the Tokyo aerosol samples with 24 hours sampling interval (Kawamura et al., 1995) . Interestingly, the aerosol samples collected for 3 hours interval generally showed higher TC/aerosol mass ratios in daytime (Figure 1 ), suggesting a gas-to-particle formation of organic aerosols. On the other hand, TN comprised 2.5 to 8.5 % of aerosol mass with an average of 5.1 %. These values are within those (1.9-15 %, av. 5.1 %) reported for the 24 hours sampling (Kawamura et al., 1995) , but show a peak in daytime. TN/aerosol ratios also maximized in daytime (the results are not shown here). This suggests that particulate nitrogen is produced via photochemical oxidation of NO x to HNO 3 followed by the reaction with ammonia (NH 3 ) to form salt (NH 4 NO 3 ), which may associate with pre-existing particles. Acidic components such as H 2 SO 4 , HCOOH, CH 3 COOH, (COOH) 2 either in gas phase or particles may also react with basic nitrogen species such as ammonia and urea to form particulate nitrogen and contribute to aerosol growth.
Molecular compositions of dicarboxylic acids, ketoacids and -dicarbonyls
A homologous series of normal saturated α, ω-dicarboxylic acids (C 2 -C 12 ) were detected in the aerosols as well as branched saturated diacids (iso C 4 -C 7 ). Unsaturated aliphatic (maleic, fumaric and methylmaleic) and aromatic (phthalic) diacids were also detected in the aerosol samples as well as dicarboxylic acids with an additional functional group, i.e., malic (hydroxysuccinic), ketomalonic and 4-ketopimelic acids. Throughout the campaigns, oxalic (C 2 ) acid was found to be the most abundant diacid, followed by malonic (C 3 ) or succinic (C 4 ) acid. The fourth most abundant diacid was malic (hC 4 ), glutaric (C 5 ), adipic (C 6 ), phthalic (Ph), or azelaic (C 9 ) acids, depending on the sampling time and season.
Further, two types of ketoacids, C 2 -C 4 ω-oxoacids and C 3 α-ketoacid (pyruvic acid), were detected in the aerosols as well as α-dicarbonyls (glyoxal and methylglyoxal). Glyoxylic acid (ωC 2 ) is the dominant ω-oxocarboxylic acid followed by 4-oxobutanoic acid (ωC 4 ). Pyruvic acid was found to be generally more abundant than ωC 2 during daytime in summer. Citric acid (tricarboxylic acid) was also detected in the samples. Dicarboxylic acids were found to comprise 0.14-1.2 % (av. 0.48 %) of aerosol masses (54-270 µgm -3 ) whereas ketoacids and α-dicarbonyls comprise 0.03-0.21 % (av. 0.09 %) and 0.01-0.07 % (av. 0.03 %), respectively. The relative abundance of diacids are similar to those (0.06-1.1 %, av. 0.46 %) reported for 24 hours sampling in Tokyo (Kawamura and Ikushima, 1993) . On the other hand, diacids were found to account for 0.10 to 1.3 % (av. 0.56 %) of aerosol TC (7.7-63 µgm -3 ). The diacid-C/TC ratios are also consistent with those (0.18-1.8 %, av. 0.95 %) reported for the 24 hours sampling (Kawamura and Ikushima, 1993) . In contrast, other compound classes account for smaller portion of TC; i.e., 0.06-0.46 % (av. 0.20 %) for ketoacids and 0.02-0.012 % (av. 0.06 %) for α-dicarbonyls. Although relative abundances of these components are highly variable, they showed a peak generally in daytime.
Diurnal distributions of dicarboxylic acids
As shown in Figure 2a , total concentrations of diacids increase from the lowest values in nighttime (2-5 h) to the highest values in daytime around at 8-11 h or in the afternoon.
Although direct emission of diacids from automobiles obviously contribute to the peak in the morning, its contribution should be less important than the secondary production. Higher concentrations of the diacids were observed on June 2 when higher concentrations of oxidants in the morning again supports a photochemical production of dicarboxylic acids. Interestingly, the relative abundances are higher in June and July than in November. This is consistent with elevated solar radiation in summer than in winter by ca. 50% for 11-14 h (Figure 1 ). On the other hand, relative abundance of diacids decreases toward the evening. This may suggest that photochemical production of diacids is canceled out by the atmospheric scavenging either by decomposition or deposition. Alternatively, a possible uptake of water vapor on aerosol particles or quartz filter that increases the aerosol mass may partly contribute to such a decrease if relative humidity increases significantly at night. Figure 2c illustrates diurnal variations of ω-oxocarboxylic (C 2 -C 4 ) acids. The total concentrations showed an increase from the early morning (2-5 h) toward the noon, with a maximum either at 8-11 h or 11-14 h. The amplitudes of the peak in summer (June and July) are up to 5 times. The highest concentrations were observed in June 2 when the highest oxidant concentration was recorded (Figure 1 ), being consistent with the case of dicarboxylic acids. The concentrations of ω-oxoacids generally decrease toward the evening. In contrast, the amplitude increase in winter is only twice. This may be caused by the higher concentrations of ω-oxoacids in the evening and early morning in winter (Figure 2c ), which may be associated with a development of inversion layer. Since ω-oxoacids are semi-volatile, they are likely subjected to evaporation from the particles to gas phase when ambient temperature increases. However, this process does not seriously affect the results because their concentrations in aerosols rather increase at daytime (Figure 2c ).
Diurnal distributions of -oxocarboxylic acids, pyruvic acid, and -dicarbonyls
Concentrations of ω-oxoacids normalized by aerosol mass showed a very sharp increase from 5-8 h to 11-14 h (Figure 2d ). Interestingly, they showed a large increase early in the morning from 2-5 h to 5-8 h on July 22 when averaged radiation increased from 0.00 to 1.37 MJm -2 . In summer samples, the relative abundances generally increase early in the morning, peaked at 11-14 h, and then decrease toward the evening. The amplitude is ca. 5 times for both June 2 and July 22 samples. Similar trend was observed for the November samples (Figures 2d), being in contrast to the case of diacids whose relative abundances in November are much less than June and July samples (Figure 2b ). This suggests that ω-oxoacids are produced abundantly even under weaker solar radiations in November, but are not effectively converted to other species including diacids. The greater amplitude in the winter samples may suggest a faster production of ω-oxoacids than diacids. This is consistent with the results of the Arctic polar sunrise experiment, in which glyoxylic acid (ωC 2 ) peaked one week earlier than oxalic acid (Kawamura et al., 1996a) . ω-Oxoacids have been proposed as intermediates to the formation of diacids (Norton et al., 1983; Kawamura et al., 1996a) .
Figures 2e and 2f give diurnal variations of concentrations of pyruvic acid as well as its percentages in aerosol mass. Being similar to dicarboxylic acids and ω-oxoacids, this α-ketoacid also shows a clear diurnal variation with a peak either in 8-11 h or 11-14 h. Its relative abundance also showed a daytime maximum. These results may suggest that the photochemical processes largely control atmospheric concentration of pyruvic acid. Although pyruvic acid production should be significant throughout the day, its removal by degradation and/or deposition may overwhelm the production in the late afternoon. Concentrations of α-dicarbonyls (glyoxal and methylglyoxal) also showed concentration maximum in 11-14 h or 8-11 h (data are not shown here). Their relative abundance in aerosol mass generally increased in the morning and reached a maximum at 8-11 h or 11-14 h, but July samples showed a peak in 5-8 h, when the solar radiation was already high (av. 1.37 MJm -2 ). Figure 3a gives diurnal distributions of total dicarboxylic acid-carbon normalized by aerosol TC. Diacid-C/TC ratios generally start to increase in the morning and maximize around noontime, again supporting a photochemical production of diacids by gas-to-particle conversion of hydrocarbons and other precursors as well as the heterogeneous oxidation on the aerosol surfaces. Interestingly, summer samples show a continuous increase of diacid-C/TC ratios even in the afternoon (Figure 3a) , mainly due to the production of small diacids (C 2 -C 4 ) (see Figures 4a,b , and e) via the further oxidation of some intermediate compounds produced by the oxidation of hydrocarbons (Kawamura et al., 1996a) . Because oxidants were still high (>20 ppb) in the late evening of June and July (Figure 1) , oxidation of organic precursor by ozone likely occurred even in the darkness. Further, NO 3 radicals that are important oxidant at night (Finlayson-Pitts et al., 2000) may participate in the production of diacids. The secondary production of diacids, especially oxalic, malonic and succinic acids, possibly overwhelms their degradation or deposition in the late afternoon.
Relative abundance of dicarboxylic acids, ketoacids and -dicarbonyls in aerosol TC
Individual compound-C/TC ratios showed a different trend among diacids, although most species peaked at 11-14h (Figure 4 ). For example, small diacid-C/TC ratios (such as C 2 , C 3 and C 4 ) increased in late evening whereas those of iC 4 , mM, iC 5 , Ph showed a sharp drop in the afternoon and stayed low in the midnight. Such a difference in the diurnal distributions may be caused by a difference in their precursors and/or formation mechanisms. Normal saturated C 2 -C 4 diacids are produced from more common precursors including unsaturated and saturated hydrocarbons, monocarboxylic acids, aldehydes, ketoacids, etc. In contrast, unsaturated and branched-chain diacids have been considered to generate via photochemical oxidation of more specific precursors such as aromatic hydrocarbons (Kawamura et al., 1996a ) and methylcycloalkenes (Grosjean and Fung, 1984) . Oxidation of aromatic hydrocarbons is mostly involved with OH radicals rather than O 3 (Finlayson-Pitts et al., 2000) . Singh et al. (1985) reported diurnal variations of aromatic hydrocarbons such as benzene, toluene, ethylbenzene, o-, m-, and p-xylenes, and 3-and 4-ethyltoluenes with a concentration minimum around noontime.
As shown in Figure 3b , total ω-oxoacid-carbon normalized by TC generally increase in the morning with a maximum at 11-14 h or 8-11 h, suggesting a photochemical production in gas phase and/or particles. Being similar to small diacids, C 2 and C 4 ω-oxoacids are likely produced at night (see Figures 5a,c) , although C 3 ω-oxoacid did not show such an increase (Figure 5b ). Figure 3c shows diurnal variations of pyruvic acid-C/TC ratios. The ratios clearly increase early in the morning, maximize at 11-14 h and then decrease toward the evening, suggesting a photochemical production of pyruvic acid in daytime. This acid showed the most pronounced diurnal variation among the water-soluble organics studied due to the decrease at night. Pyruvic acid may be decomposed by attack of NO 3 radicals to result in oxalic acid. The α-dicarbonyls/TC ratios also increase early in the morning and maximize either at 8-11h or 11-14 h (see Figure 5d for glyoxal). However, their amplitudes are not so significant as ω-oxoacids and pyruvic acid (Figures 3b,c) probably due to their high vapor pressure; dicarbonyls may exist more in gas phase than particles in daytime. Alternatively, dicarbonyls can be hydrated with H 2 O and oxidized to oxalic acid on aerosols (Warneck, 2003) .
3.6.
In situ production of diacids and related compounds: relationship to ambient temperature, solar radiation and oxidants
Concentrations of diacids generally showed a good correlation with ambient temperature and solar radiation as well as oxidants. Figure 6a plots concentrations of total dicarboxylic acid-carbon normalized by TC against ambient temperature for all the samples.
A positive relationship demonstrates that dicarboxylic acids are secondarily produced in the atmosphere by photochemical processes and participate in the formation and growth of organic aerosols. However, at higher temperatures (>20˚C), relative abundances of diacidscarbon in TC are fairly variable (Figure 6a ). This is consistent with the fact that diacid-C/TC for some species (e.g., C 2 , C 4 ) are even higher at night in summer (Figure 4a ,e) when ambient temperature drops by ca. 5˚C. Deposition of gaseous diacids onto the particles is possible at night in summer. Further, heterogeneous production of diacids is also likely. A positive correlation was also found between diacid-C/TC ratios and solar radiation.
As shown in Figure 6b , diacid-C/TC ratios increase with an increase in the concentrations of oxidants. This positive correlation (r=0.76) again suggests that diacids are in situ produced in the atmosphere by the oxidation of gaseous precursors such as aromatic hydrocarbons as well as the heterogeneous reactions on the aerosol surface. Similarly, pyruvic acid-and ω-oxoacid-C normalized by TC also showed positive correlations with oxidants, but correlation coefficients were much lower (r = 0.34 and 0.40, respectively). The weaker relationship may be involved with a partitioning of these semi-volatile compounds between gas phase and particles; they are present more in gas phase when ambient temperature increases. Because the production of oxidants is associated with solar radiation, these results suggest that origins of diacids and ketoacids are largely involved with secondary photochemical processes in the atmosphere rather than primary emissions from automobiles although automobiles are major sources for the precursors of bi-functional organic acids.
Preferential production of unsaturated diacids early in the morning and late production of oxalic acid: implication for the oxidation of unsaturated precursors
Although oxalic acid is the dominant diacid throughout the campaigns, a significant variation was found in their molecular composition within a day. Figure 7 presents diurnal variations in the relative abundance of oxalic (C 2 ), methylmaleic (mM), and adipic (C 6 ) acids in the total diacids. Oxalic acid shows a decrease early in the morning with a minimum at 8-11 h or 11-14 h and then an increase in the afternoon toward the midnight. In contrast, mM and C 6 show an increase early in the morning (Figures 7b,c) . These results indicate that a preferential production of mM and C 6 over C 2 occurs early in the morning. Other unsaturated species such as maleic and phthalic acids, as well as methylsuccinic (iC 5 ) acid, also showed a trend similar to mM. Unsaturated diacids can be produced by photochemical oxidation of aromatic hydrocarbons such as benzene, toluene and naphthalene (Kawamura and Ikushima, 1993) . Some saturated diacids such as C 6 and iC 5 may be generated from cyclic olefins via O 3
and OH reactions in gas phase (Grosjean et al., 1978 (Grosjean et al., , 1980 Hatakeyama et al., 1987) .
Cyclohexene and other cyclic olefins, as well as aromatic hydrocarbons, are present in the urban atmosphere (Grosjean and Fung, 1984; Singh et al., 1985) . In contrast, other major diacids such as C 3 , C 4 and C 5 did not show any diurnal trend in their relative abundances.
Concentrations of some diacids and ketoacids were found to correlate inversely with relative abundance of C 2 (%) in total diacids, which has been proposed as a proxy for photochemical aging of organic aerosols (Kawamura and Sakaguchi, 1999) . Relatively strong anti-correlations were obtained between C 2 (%) and some diacid species; e.g., iC 4 (r=0.96), C 6 (0.80), M (0.81), mM (0.94) and Ph (0.96) during June 2-3 campaign (except 05-08, 08-11 and 11-14 h), suggesting that these unsaturated and saturated diacids are formed in an early stage of photochemical processes. Similar relationships were also observed for ω-oxocarboxylic acids (C 2 -C 4 ) and pyruvic acid (e.g., r=0.96 for ωC 2 and 0.93 for Pyr), and, to a lesser extent, for α-dicarbonyls. Figure 8 plots organic acid-C normalized by TC for iC 4 , iC 5 , mM, C 6 , Ph, and Pyr as a function of C 2 (%). Similar anti-correlations were also found for other organic acids such as M, ωC 2 , ωC 3 , and ωC 4 . These results demonstrate that unsaturated and some saturated diacids and ketoacids are produced in the early stages of photochemical oxidation of aromatic hydrocarbons and cyclic olefins and are further oxidized to oxalic acid by the subsequent reactions. 
